Pinpointing genetic associations in the human genome relies heavily on the accuracy of the underlying genotype data. Null alleles can generate significant inaccuracies in genotype data and can negatively affect the statistical power of a study. Existing quality control (QC) tests, including tests of HardyWeinberg equilibrium, are not sensitive enough to detect the presence of even moderately frequent null alleles in the data. We show that direct analysis of raw data from a quantitative genotyping platform can detect up to 75% of null alleles, even at frequencies below the sensitivity of more traditional methods. Detecting unexpected null alleles not only has benefits in QC of genotype data but may also be valuable in detecting rare, functional null alleles that would otherwise be missed.
INTRODUCTION
Unexpected alleles may exist at any polymorphism, and these unknown or 'null' alleles can interfere with accurate genotyping of the expected alleles, with potentially negative impacts on the power of association studies (1, 2) . Null alleles can be deletions spanning a polymorphic site (3 -5) , secondary polymorphisms interfering with genotyping at the primary polymorphic target and even unexpected alleles at the primary polymorphism (such as triallelic sites) (6) . All of these are important potential sources of reproducible, but inaccurate, genotypes. Similar challenges are posed by polymorphisms within segmental duplications, where the number of copies of the surrounding sequence itself can be variable (7 -9) . Although null alleles could be a potentially important source of genotyping error, these alleles are difficult to detect because null allele heterozygotes are indistinguishable from the expected homozygotes on most genotyping platforms. Large pedigree-based study designs can detect null alleles as non-Mendelian segregation errors, but studies based on trios detect only a fraction of null alleles (10) . Null alleles attributable to large deletions can be detected as clusters of markers that violate HardyWeinberg, as has been noted in the HapMap data (11) , but most studies do not have adequate data density for this analysis.
Null alleles can substantially impact the power of association studies. Kang et al. (12) investigated the effects of a variety of genotyping errors on association study power and found that misclassification of heterozygotes as rare homozygotes carries a higher cost than misclassification as common homozygotes. This is an important consideration, as secondary single nucleotide polymorphisms (SNPs) (null alleles) are more likely to be associated with the common allele, and therefore, heterozygote misclassification will tend to be biased toward rare homozygote calls. Power estimates under a model where misclassification of heterozygotes is random suggest that for every 1% increase in error rate, an increase of roughly 3% in sample size is required to maintain constant power (13) , and the power loss is probably greater for misclassification biased toward rare homozygotes. Conversely, null alleles can inflate the rate of false positives in an association study, by reducing the effective number of alleles surveyed and therefore inflating the variance of allele frequency estimates in both cases and controls. Thus, although null alleles can have substantial impact on study outcome, rare null alleles can easily be missed using standard tests of Hardy -Weinberg equilibrium (HWE).
Most genotyping platforms for SNPs are built upon the principle of measuring the relative signal strength of two expected alleles (14 -18) . This signal is usually plotted in Cartesian coordinates with the X-axis representing the signal for allele A and the Y-axis representing the signal for allele B. In a clean assay of a common polymorphism, four clusters are expected for a two-allele system with alleles A and B: a cluster corresponding to the AA homozygote with strong signal from allele A and weak signal from allele B, a second cluster corresponding to the AB heterozygote with intermediate strength signal from both alleles, a third cluster corresponding to the BB homozygote with weak signal from allele A and strong signal from allele B and a fourth cluster located near the origin corresponding to failed reactions with weak signal from both alleles.
We report an extension of this Cartesian clustering analysis to identify null alleles de novo in genotype data and demonstrate that this analytic technique can identify null alleles because of secondary polymorphism(s) near an SNP, deletions of a region containing an SNP and an unexpected third allele at an SNP (triallelic SNPs).
RESULTS
In a survey of allele frequencies at 1536 SNPs in a multiethnic population using the Illumina BeadArray genotyping technology (19, 20) , we observed some unusual patterns beyond the four typical clusters in the data, where five or more clusters were observed in Cartesian plots of the data for some markers. These unexpected patterns appear to be marker specific and reproducible. One of the unexpected patterns observed at a number of markers revealed two additional clusters in the data with weaker signal strength than the expected AA and BB clusters (Fig. 1) . This cluster pattern corresponds to an X-linked marker, with hemizygous males carrying only one allele (A-or B-). Because a substantial proportion of the samples genotyped were male (40.3% or 193 of 480), all of these markers showed a significant deviation from HWE. A blinded screen of 1536 SNPs looking for this clustering pattern, without regard to HWE, correctly identified a large majority (31 out of 44 or .70%) of X-linked SNPs. Although the remaining 13 X-linked SNPs do show decreased signal in males, the male and female clusters overlapped significantly and were not identified in a blinded screen.
Because hemizygous males could be identified in this manner, we investigated whether null alleles at autosomal markers could be detected in a similar manner. Four sites previously identified as high-frequency triallelic SNPs by the SeattleSNPs (http://pga.gs.washington.edu) or Innate Immunity (http://innateimmunity.net) programs for genomic applications showed a similar pattern to X-linked markers: TRAF2-36728 (rs17250567), IFNAR2-25015 (rs17860225), IL5RA-10534 (rs17879701) and TLR1-5661 (rs4540055, Fig. 2 ). The triallelic SNPs showed up to six clusters, five analogous to the clusters seen in X-linked markers, with the sixth cluster showing low signal for both expected alleles, corresponding to homozygotes for the unexpected third allele. Thus, unexpected alleles at autosomal markers can also be identified.
In addition to the four triallelic SNPs, we also identified 14 other autosomal SNPs that showed clustering patterns consistent with a null allele. This included a series of four adjacent SNPs in the IL8RA locus where the same set of samples were heterozygous for the null allele across all four loci, as well as three samples putatively homozygous for the null allele at all loci: IL8RA-6747 (rs1008562), 6831 (rs1008563, Fig. 3 ), 6935 (rs3092967) and 7628 (rs1467142), SNP numbering relative to GenBank record AY651785. Flanking markers at 5686 (rs16858794) and 12335 (rs4672875) did not show the null allele pattern, so we designed a series of nested primers to screen for a small deletion spanning at least 6747 through 7628. Using a pair of primers to amplify the segment from 6244 to 8663, heterozygotes for the null allele were observed with two bands and the three homozygotes showed only the low molecular weight band (Fig. 4) . Resequencing of the smaller PCR product confirmed that the null allele pattern for the four IL8RA SNPs is attributable to a deletion of 1367 base pairs, from position 6501 to 7868, spanning all four SNPs. Importantly, this null allele was not detected by traditional quality control (QC) methods because it did not cause a significant departure from HWE in the 83 African-American samples genotyped, even though it was modestly frequent (11% frequency).
To explore the origin of the patterns consistent with null alleles at the remaining 10 primary SNPs, a 500 bp region flanking each SNP was PCR amplified and resequenced in a panel of 96 individuals, including at least one null allele heterozygote (Table 1 ; Supplementary Material, Fig. S1 ). At all 10 positions, a second polymorphism was identified, which correlated perfectly with the identified null pattern. At six of 10 locations, the secondary polymorphism was not previously described in the database (dbSNP). As expected, the novel null alleles were generally of lower frequency in the sequencing Although the secondary polymorphism at IL8RA is a large deletion, the detected secondary polymorphisms at the other 10 loci were a mix of five secondary base substitutions, two small indels, a 17 bp insertion and two relatively large insertions (.100 bp in length). All of these secondary polymorphisms were within 25 bp of the primary polymorphism. The Illumina Golden Gate assay requires that an allele-specific oligonucleotide first extend across a gap of 1 -25 bp and then ligate to a common oligonucleotide (21), so we assessed where the secondary polymorphisms fell: under the allele-specific oligo, in the gap or under the common oligo. Nine were located in the common oligo and one was located immediately adjacent to the polymorphic site on the allelic oligo, so it is clear that secondary polymorphisms can disrupt annealing of either of the oligos required for the assay.
We also assessed whether the null alleles could be detected using a x 2 test for HWE, as well as the null allele test (NAT) described by Jorgenson et al. (10) . Because both of these approaches assume unstratified populations, we subdivided the data by ethnicity prior to applying the tests. Only one of the 10 loci showed a significant departure from HWE expectations (HMGCR-25599 in Asians, P ¼ 5.5 Â 10 25 ), uncorrected for multiple tests. The NAT also detected this locus in Asians (p.null ¼ 0.22, the highest observed value). Although several other loci nominally showed p.null for the NAT between 0.05 and 0.12, the second highest p.null was a false positive (0.16 at IL20-3374 in Europeans), so the NAT test did not perform appreciably better than a simple x 2 test for HWE.
DISCUSSION
As high-throughput genotyping platforms gain popularity, the probability that some genotypes will be inaccurate due to secondary polymorphism will increase substantially. We demonstrate the detection of a variety of null alleles on one current genotyping platform, with five insertion/deletion null polymorphisms and six secondary SNPs near the primary SNPs. Importantly, only four of the polymorphisms responsible for null alleles had previously been reported in dbSNP. Thus, null alleles cannot be avoided simply by using the existing database to predict the locations of secondary polymorphisms. Furthermore, only two had been identified by direct resequencing of these regions in panels of less than 50 chromosomes, so even sample sequencing does not efficiently identify the rare polymorphisms responsible for null alleles. Therefore, approaches capable of directly detecting Figure 3 . Normalized Illumina data for IL8RA-6831 C/T (rs1008563). Two alleles were typed: C and T. Patterns consistent with a null allele were observed at several adjacent SNPs (rs1008562, rs3092967 and rs1467142), suggesting a small deletion. Genotypes for the deletion were scored by PCR amplification of the region and agarose gel electrophoresis, confirming that insertion homozygotes show the strongest signal (yellow), heterozygotes show reduced signal (green) and three of four deletion homozygotes by gel electrophoresis (blue) show very little signal for either allele. null alleles offer significant advantages over other methods, because null alleles can be detected as part of data QC. The mechanism for allelic quantitation on this platform could be related to the competitive amplification of all SNPs using a single pair of universal primers. Deletion null alleles would reduce the available template for an SNP by 50% in null allele heterozygotes, and triallelic null alleles would do the same by failing to gap ligate the unexpected allele. Disruption of oligonucleotide annealing by secondary SNPs beneath the oligos would generate similar patterns of reduced signal. It seems likely that duplication alleles will also be detectable using this data, although this has yet to be confirmed.
Although we explored this analytic approach using data from the Illumina genotyping platform, this method should be extensible to any quantitative genotyping technique adequate for pooled allele frequency estimation, such as quantitative PCR (22, 23) , primer extension (24, 25) or hybridization array (26, 27) . However, all such techniques will require extremely accurate quantitation of the input DNA (28) . Thus, highly quantitative and multiplexed assays may have an advantage, because signal strength at a single SNP can be normalized against signal strength in a large number of unlinked assays. Therefore, we would expect this approach to work effectively on other high multiplex genotyping platforms, such as Parallele (29) or Affymetrix chips (30) .
In conclusion, the identification of null alleles a priori in genotyping data clearly facilitate not only the QC of genotype data in genetic association studies, but has the added benefit of allowing investigators to score hemizygous genotypes correctly. Providing the haplotype phase between the secondary and the primary polymorphisms can be established, it is also possible that the 'correct' genotype at the primary polymorphism can be imputed from the null allele pattern. However, we would suggest a better solution is to simply score the site as a triallelic polymorphism, with two expected alleles and a null allele. This approach will allow investigators to assess disease associations with the null allele as well as the expected alleles, which will be of particular interest in studies of exonic polymorphism, where rare null alleles could translate into phenotypic changes. For example, rare phenotypic null alleles can be quite important in studies with samples from the extreme tails of a phenotypic distribution (31) . Thus, detecting rare null alleles indirectly might provide a valuable new tool in direct studies of sequence variation. Gel results for a PCR product that spans the IL8RA deletion. PCR products were compared with a 123 bp molecular weight ladder (L) on a 1% agarose gel. The high molecular weight PCR product (4737 bp) corresponds to the inserted allele (þ), whereas the low molecular weight PCR product (3337) corresponds to the deletion allele (2) . The deletion homozygote (2 2) has only the low weight band, whereas the insertion homozygotes (þ þ) show only the high molecular weight band and indel heterozygotes (þ 2) show both bands. The weaker signal from the large PCR product probably reflects less efficient amplification because of competition from the smaller PCR product. Inferred genotypes from the Illumina data are shown above each well and correlate perfectly with the PCR genotype. DNA was quantitated according to Illumina specifications using PicoGreen (Molecular Probes) and a SpectraMax 96 channel fluorometer (Molecular Devices). Genotyping reactions were assembled up according to standard Illumina Golden Gate assay protocols (21): in brief, using 250 ng of biotinylated DNA per sample as template, SNP-specific oligonucleotides containing both detection specific sequences and universal primer sequences were hybridized, extended and ligated to a common oligonucleotide containing a universal primer sequence. Ligated products were then amplified with a universal primer set. Genotypes were determined by hybridizing the amplified products to a bead array complementary to the sequence specific tags and fluorescent across the bead array determined using a BeadStation 500GX array reader (Illumina). Data were collected with BeadScan v2.3.0.10 software and analyzed using GenCall v1.2.2 (Illumina). After automatic exclusion of samples with weak or ambiguous signal, fluorescence data from the remaining samples was exported and analyzed further in Excel (Microsoft).
MATERIALS AND METHODS

Samples
Null allele clustering. The following criteria were applied in a manually implemented but systematic screen for null alleles. For a normal marker, the X and Y signal of each sample can be described as a vector from the origin with a specified angle and length, homozygotes tend to cluster with angles of 08 and 908 and heterozygotes cluster at 458. The expected positions of the null allele clusters are therefore at either 08 or 908, but with roughly 50% of the signal strength (vector length) of normal homozygotes. We used this as a first stage heuristic to manually screen for SNPs where a subset of samples appeared to fit this criterion. In a second stage, we then examined the low-signal strength samples at five or more other SNPs, to determine whether the unusual signal was systematic for that sample or restricted to a single SNP. Markers that satisfied both of these criteria were judged to be strong candidates for loci that have a null allele.
Resequencing
For each suspected null allele, PCR amplicons were designed using the program PCRoverlap (32) . Templates were amplified using the Elongase kit (Invitrogen) on Tetrad thermal cyclers (MJR). Sequence data were collected using Big Dye Terminator chemistry (Applied Biosystems) on ABI 3730 instruments (Applied Biosystems). Sequence data were processed using Phred (33, 34) and Phrap, polymorphic sites identified using Polyphred v 5.03 (35) viewed in Consed (36) to confirm. At insertion -deletion polymorphisms, genotype was manually scored on both strands for confirmation. Detailed protocols for PCR and sequencing are available (http:/pga.gs.washington.edu/protocols.html).
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